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Selected Reading expensive (Attwell and Laughlin, 2001), spontaneous fir-
ing must serve some important purpose. There exist
Cepko, C.L., Austin, C.P., Yang, X., Alexiades, M., and Ezzeddine, several plausible possibilities. First, tonic firing endows
D. (1996). Proc. Natl. Acad. Sci. USA 93, 589–595.
neurons with greater sensitivity to excitatory inputs, as
Gabay, L., Lowell, S., Rubin, L.L., and Anderson, D.J. (2003). Neuron, small inputs are not required to summate with eachthis issue, 485–499.
other in order to exceed spike threshold. Second, since
Gage, F.H. (2000). Science 287, 1433–1438.
background rates can be modulated bidirectionally,
Jessell, T.M. (2000). Nat. Rev. Genet. 1, 20–29. spontaneously firing neurons can encode changes in
Kondo, T., and Raff, M. (2000). Science 289, 1754–1757. levels of inhibition independently of excitation. Third,
Liu, Y., and Rao, M. (2003). Trends Neurosci. 26, 410–412. spontaneously firing neurons can provide a tonic synap-
Lu, Q.R., Sun, T., Zhu, Z., Ma, N., Garcia, M., Stiles, C.D., and Row- tic conductance on target cells (Ha¨usser and Clark, 1997).
itch, D.H. (2002). Cell 109, 75–86. Fourth, the presence of an intrinsic background rate
Palmer, T.D., Markakis, E.A., Willhoite, A.R., Safar, F., and Gage, provides a very attractive target for plasticity, as state
F.H. (1999). J. Neurosci. 19, 8487–8497. changes can be encoded without having to continuously
Parnavelas, J.G. (1999). Exp. Neurol. 156, 418–429. supply synaptic input. While it has been shown that
Rao, M.S. (1999). Anat. Rec. 257, 137–148. spontaneous firing can be modulated, for example by
Richardson, W.D., Smith, H.K., Sun, T., Pringle, N.P., Hall, A., and the nitric oxide pathway (Smith and Otis, 2003) or by
Woodruff, R. (2000). Glia 29, 136–142. diurnal rhythms (Pennartz et al., 2002), demonstrating
Zhou, Q., and Anderson, D.J. (2002). Cell 109, 61–73. that spontaneous activity can be rapidly and persistently
altered by physiological patterns of synaptic input would
significantly strengthen our understanding of its compu-
tational significance.
Reporting in this issue of Neuron, Nelson et al. (2003)
show that transient inhibition of spontaneous firing in
Less Means More: Inhibition neurons of the brainstem medial vestibular nucleus (MVN)
can lead to long-term changes in their excitability (Figureof Spontaneous Firing Triggers
1). MVN neurons are spontaneously active in slice prepa-Persistent Increases in Excitability
rations in the absence of excitatory input. When this
spontaneous activity is reduced for a brief period (sev-
eral minutes) either by activating synaptic inhibition or
via direct hyperpolarizing current, the spontaneous fir-Modulation of intrinsic excitability is an alternative to
ing rate rebounds immediately afterwards to a higherclassical synaptic plasticity for implementing activity-
rate than in control, an effect the authors call firing ratedependent changes in neuronal networks. In this issue
potentiation (FRP). Remarkably, the increase in firingof Neuron, Nelson et al. reveal a new form of plasticity
rate far outlasts the duration of the inhibition, persistingof intrinsic excitability that can be triggered rapidly
during even the longest recordings (up to 2.5 hr). FRPwhen synaptic inhibition reduces spontaneous firing,
is associated with an increase in input resistance andresulting in persistent enhancement of firing rate and
in the excitability of the neurons measured by the fre-neuronal gain.
quency-current relationship in response to depolarizing
current pulses, the slope of which is commonly known
Most neurons in the brain speak only when spoken to: as the “gain” of the input-output relationship. FRP is
they are silent at rest and they generate spikes only therefore a compensatory change in excitability that
when driven by excitatory synaptic input. However, overshoots the original set point, and thus is not strictly
many neuronal networks feature neurons that are chat- homeostatic (Marder and Prinz, 2002).
tering away at rest, exhibiting spontaneous activity even How are reductions in firing rate read out and trans-
in the absence of synaptic input. These include output lated into changes in excitability so quickly? The authors
neurons, such as thalamic relay (McCormick and Pape, show that inhibiting spontaneous firing reduces resting
1990), cerebellar Purkinje (Ha¨usser and Clark, 1997; Ra- intracellular Ca2 levels and that reducing Ca2 influx is
man and Bean, 1997; Smith and Otis, 2003), cerebellar sufficient to induce FRP. In searching for the mechanism
deep nuclear (Raman et al., 2000), and tuberomammil- of expression of FRP, the authors took advantage of their
lary (Taddese and Bean, 2002) neurons, as well as inter- previous studies showing that the small-conductance
neurons such as retinal dopaminergic amacrine cells calcium-activated K current (SK) and the big-conduc-
(Feigenspan et al., 1998) and thalamic reticular nucleus tance calcium-activated K current (BK) powerfully modu-
neurons (Avanzini et al., 1989). The internal dialog of late the excitability of MVN neurons by shaping the spike
these spontaneously active neurons is sustained by ex- afterhyperpolarization (Smith et al., 2002). Specific
pression of specific sets of voltage-gated channels blockers of BK channels, but not of SK channels, mim-
(Llinas, 1988), with a large variety of different currents— icked and occluded FRP. These findings suggest that
including Ih (McCormick and Pape, 1990), calcium cur- selective downregulation of BK channels is an important
rents (Pennartz et al., 2002), nonselective cation currents determinant of the increase in excitability (although
(Raman et al., 2000), and persistent (Taddese and Bean, modulation of other channel types, such as Ca2 chan-
2002) or resurgent (Raman and Bean, 1997) sodium cur- nels, may also be involved).
rents—providing the inward current necessary to drive Several questions remain open. Whether the trigger
firing in different cell types. for plasticity is a reduction in global average Ca2 levels
or in localized Ca2 signals in specific subcompartmentsGiven that action potential firing is energetically very
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system. This form of intrinsic plasticity also provides
a novel way to modulate the gain of single neurons,
rescaling their sensitivity to synaptic inputs depending
on the level of input they receive, (Desai et al., 1999;
Aizenman and Linden, 2000), which has recently also
been proposed to occur via modulation of background
synaptic activity (Chance et al., 2002). It will be important
to determine if the effects on spontaneous firing and
gain control can be uncoupled, or whether they are inex-
tricably linked.
What is most attractive about the form of plasticity
discovered by Nelson et al. is that it occurs in a neural
system where its functional consequences are readily
interpretable. MVN neurons receive powerful inhibitory
inputs from Purkinje cells in the cerebellar cortex and
are thus at the heart of the circuitry controlling the ves-
tibular-ocular reflex (VOR), one of the most attractive
Figure 1. Modulation of Excitability by Inhibition of Spontaneous models for experience-dependent plasticity. Changes in
Firing spontaneous and movement-driven firing rates in MVN
A schematic representation of the findings of Nelson et al. Spontane- neurons have been shown to be associated with learn-
ous spiking maintains an elevated resting Ca2 level (top left). Synap- ing-induced modifications in VOR gain (du Lac et al.,
tic inhibition reduces spike rate and lowers Ca2 levels (bottom). 1995). The intrinsic plasticity described by Nelson et al.
This leads to modulation of BK channels after termination of the
is thus well suited to rapidly recalibrate MVN firing ininhibition, which increases spontaneous firing rate and enhances
response to changes in afferent input, such as that oc-neuronal gain (top right). The mechanisms underlying the downregu-
lation of excitability back to the original state remain to be deter- curring after deafferentation and possibly also during
mined. VOR adaptation. The increase in gain observed during
FRP is thus particularly relevant, as it would allow for
increases in MVN firing during head movement and con-of the cell (dendritic, somatic, or axonal) requires further
sequent increases in VOR gain. Identification of the sec-exploration. The downstream messengers linking the
ond messenger pathways that cause the increase inreduction in Ca2 levels and BK modulation need to
excitability may permit selective blockers to be used tobe identified. The rapid time course of the plasticity is
test these ideas directly, and thus assess the relativeconsistent with the involvement of channel phosphoryla-
importance of intrinsic and synaptic plasticity in thesetion. Indeed, effects on neuronal gain similar to FRP
forms of cerebellar learning. It will also be of great inter-are also produced by phosphatase or Ca2-calmodulin
est to determine whether similar forms of plasticity occurkinase II inhibitors in MVN neurons (Smith et al., 2002),
in other spontaneously firing neurons elsewhere in thesuggesting that these signaling pathways may be in-
brain.volved in the expression of the plasticity. Addressing
these issues may also help to explain why BK channels,
and not SK channels (which perform a similar functional Michael Ha¨usser and Pablo Monsivais
role) appear to be selectively modified during plasticity. Wolfson Institute for Biomedical Research
Curiously, the plasticity did not appear to be bidirec- and Department of Physiology
tional and was irreversible under the experimental con- University College London
ditions used by the authors, being unaffected by strong Gower Street
somatic depolarization. Although these features seem to London WC1E 6BT
be incompatible with a homeostatic role for the plasticity United Kingdom
(Marder and Prinz, 2002), other stimuli, such as synapti-
cally driven dendritic Ca2 transients, may be required Selected Reading
to trigger downregulation of firing rates.
These findings add an important new element to the Aizenman, C.D., and Linden, D.J. (2000). Nat. Neurosci. 3, 109–111.
flourishing literature on activity-dependent regulation of Attwell, D., and Laughlin, S.B. (2001). J. Cereb. Blood Flow Metab.
intrinsic membrane properties (Marder and Prinz, 2002). 21, 1133–1145.
What is new and surprising about the present form of Avanzini, G., de Curtis, M., Panzica, F., and Spreafico, R. (1989). J.
Physiol. 416, 111–122.plasticity is that it is triggered by a decrease in intracellu-
lar Ca2 levels caused by sustained synaptic inhibition. Chance, F.S., Abbott, L.F., and Reyes, A.D. (2002). Neuron 35,
773–782.Resting Ca2 levels therefore provide a sensitive readout
of spontaneous firing that can respond rapidly to changes Desai, N.S., Rutherford, L.C., and Turrigiano, G.G. (1999). Nat. Neu-
rosci. 2, 515–520.in rate and trigger compensatory mechanisms. The
modulation of BK channels is also noteworthy, as it du Lac, S., Raymond, J.L., Sejnowski, T.J., and Lisberger, S.G.
(1995). Annu. Rev. Neurosci. 18, 409–441.allows the plasticity to be expressed over the entire
Feigenspan, A., Gustincich, S., Bean, B.P., and Raviola, E. (1998).firing range, substantially extending the dynamic range
J. Neurosci. 18, 6776–6789.of the neuron. These features together lend support to
Ha¨usser, M., and Clark, B.A. (1997). Neuron 19, 665–678.the idea that spontaneous firing represents an efficient
way to represent different functional states in a neural Llinas, R.R. (1988). Science 242, 1654–1664.
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Marder, E., and Prinz, A.A. (2002). Bioessays 24, 1145–1154. suggest that the neural substrate for the high-level mo-
McCormick, D.A., and Pape, H.C. (1990). J. Physiol. 431, 291–318. tion system includes a region of the inferior parietal
Nelson, A.B., Krispel, C.M., Sekirnjak, C., and du Lac, S. (2003). lobule (IPL) in the human brain. They further demonstrate
Neuron 40, this issue, 609–620. that this area has properties distinct from well-known
Pennartz, C.M., de Jeu, M.T., Bos, N.P., Schaap, J., and Geurtsen, lower-order motion areas. Subjects viewed striped grat-
A.M. (2002). Nature 416, 286–290. ings in which the brightness and salience of the bars
Raman, I.M., and Bean, B.P. (1997). J. Neurosci. 17, 4517–4526. was altered. Most previous motion experiments have
Raman, I.M., Gustafson, A.E., and Padgett, D. (2000). J. Neurosci. used luminance-defined gratings consisting of light and
20, 9004–9016. dark gray bars. When Claeys et al. used these stimuli,
Smith, S.L., and Otis, T.S. (2003). J. Neurosci. 23, 367–372. they found, as others had, that numerous motion areas
Smith, M.R., Nelson, A.B., and Du Lac, S. (2002). J. Neurophysiol. in the human brain were more activated for moving than
87, 2031–2042. for stationary bars and that these areas responded best
Taddese, A., and Bean, B.P. (2002). Neuron 33, 587–600. to motion in the contralateral hemifield. More interest-
ingly, Claeys et al. also tested gratings comprised of
red and green bars in which the two colors always had
the same brightness. Sometimes the colors were equally
salient such that neither set stood out, and sometimes
the bars of one color were made more saturated and
thus more salient to capture attention. When the barsAttention-Grabbing Motion
were distinguished by salience but not luminance,in the Human Brain
Claeys et al. reported greater activity in the inferior pari-
etal lobule for the moving salient patterns than stationary
ones. Furthermore, unlike other motion areas, the IPL
area was activated by stimulation in either visual hemi-Visual motion signals can be derived either through
field.a lower-order mechanism in which motion detectors
As further evidence that the IPL plays a role in higher-register changes in luminance over space and time or
order motion perception, Claeys et al. also tested ap-through a higher-order mechanism that tracks salient
parent motion displays. Unlike the lower-order motionfeatures as they change position. A recent fMRI study
system, which operates only over short distances, theby Claeys and colleagues (this issue of Neuron) reports
higher-order motion system can detect displacementsa new area of the human brain that responds to the
of salient features over longer ranges (Anstis, 1980;motion of salient features and to apparent motion.
Braddick, 1980). Claeys et al. showed subjects a pair
of dots, which either alternated with a second pair inVisual motion is a powerful signal for drawing attention
different locations to produce a sensation of motion orto important targets; conversely, attention can also be
appeared simultaneously with them to produce a sensa-a powerful signal for deriving visual motion. In most
tion of flicker. When the dots alternated quickly (7 Hz)
situations, things that move are brighter or darker than
and produced a motion sensation, the IPL was more
their surroundings and these luminance differences
active than when they flickered or alternated slowly
strongly drive brain mechanisms for detecting motion.
(2 Hz). This suggests that the motion processing sub-
Such would be the case were one to watch a tiger run- served by the IPL not only operates on salience but can
ning across the plains. The edges and stripes of the also act over long distances.
tiger provide robust signals for low-level detectors that These results suggest interesting directions for future
signal motion defined by changes in brightness over research. Whereas previous studies on higher-order
space and time. However, not all scenarios provide opti- motion have examined the effortful employment of at-
mal luminance-based motion signals. For example, if tention to moving features in the context of other dis-
the tiger were running through a wooded area, it would tracting luminance-defined motion (Culham et al., 1998,
disappear and reappear from behind the trees, and the 2001; Seiffert, 2003), Claeys et al. studied passive view-
shadows of the trees may give false luminance signals ing of patterns that differed in salience and automatically
regarding motion. A more sophisticated system could engaged higher-order motion without explicit instruc-
track the features of the tiger (such as the orange stripes) tions to track the stimulus. They observed that activity
regardless of the spurious luminance changes in order in the salience-driven IPL region was highest during the
to successfully detect and evade it. Numerous psycho- runs in which subjects reported being most attentive,
physical experiments have suggested that in addition to suggesting that the system can be modulated by atten-
a lower-order luminance-based motion system, humans tion. However, as Lu has suggested, this does not nec-
have a separate, higher-order motion system that can essarily mean that the system depends on attention (Lu
perform motion processing even when luminance cues et al., 1999). In the classic research on conventional
are unavailable or misleading (Cavanagh and Mather, attention shifts and saccades, researchers have distin-
1989; Lu and Sperling, 1995; Wertheimer, 1912). This guished between shifts of attention that are stimulus
high-level system is thought to be driven by differences driven (exogenous) versus goal directed (endogenous).
in the salience of features (even when no luminance It may be that a similar distinction exists in “attentional
difference exists) or by willful attention to moving fea- pursuit,” which can be driven reflexively by salience
tures. differences in the features or by a deliberate attempt to
In this issue of Neuron, Claeys and colleagues have track a feature even when no salience difference exists.
An interesting direction for future research would be toused functional magnetic resonance imaging (fMRI) to
